Binding of a partial proteolytic digest by V8 enzyme of the yeast site-specific recombinase Flp to its target site gives rise to DNA-protein complexes that are smaller than those produced by the full-sized protein. The smallest of these complexes (occupancy of one peptide monomer per site) contains either one of two polypeptides (32 and 28 kDa) of the V8 digestion mixture. The amino termini of both polypeptides map to Ser-129 ofFlp, corresponding to V8 cleavage at Glu-128. The relative mobilities of the complexes formed by the V8 peptides indicate that they lack the sharp substrate bend that is characteristic ofFlp-derived complexes. A hybrid protein consisting of the amino-terminal one-third of the R recombinase (from Zygosaccharomyces rouxii) and the carboxyl-terminal twothirds of Flp recognizes the Flp target site.
The Flp protein encoded by the 2-,um circle plasmid of Saccharomyces cerevisiae is a site-specific recombinase. The physiological significance of the recombination reaction appears to be in maintaining plasmid copy number via replicative amplification (1) (2) (3) . Sequentially, the steps of recombination are as follows: binding of a Flp monomer to each of the two attachment sites within the minimal target site, cleavage of DNA and transient covalent attachment of Flp to the 3'-phosphate through the active site tyrosine (Tyr-343), and transfer of DNA strands to complete the reaction (reviewed in refs. 4 and 5) . Strand exchange takes place in two steps of pairwise swaps with a Holliday junction as an obligatory reaction intermediate (6, 7) .
Several features of the DNA substrate that are essential for normal interactions with Flp (critical bases that are contacted by Flp or protected by it from attack by chemical probes, phosphates whose ethylation interferes with recombination, and the face of the helix from which the protein monomers approach their target site) are known (reviewed in ref. 4 (10) . Polypeptides missing only a few amino acids from the amino or carboxyl terminus of Flp were inactive in substrate binding.
Partial proteolysis of Flp with trypsin, chymotrypsin, or V8 protease suggested that the Flp protein was organized into rather well-defined structural domains (5) . A short flexible peptide segment that contained the active-site tyrosine separated a large amino-terminal domain from the small carboxyl-terminal domain. Furthermore, the amino-terminal domain could be operationally divided into three subdomains-IA, IB, and IC (see Fig. 1 for details) .
In this paper, we demonstrate that the substrate binding potential of Flp is extraneous to IA and is likely contained within IlB-IC. In addition, a fusion protein that contains the amino-terminal one-third of the Zygosaccharomyces R recombinase (equivalent to domain IA) and the carboxylterminal two-thirds of Flp (domains IB-IC and II) shows specific binding to the Flp target site. In vivo results indicate that the chimeric protein is not catalytically active.
MATERIALS AND METHODS
Plasmids and Strains. The plasmid expressing the R recombinase from the tac promoter was a gift from H. Araki and Y. Oshima (University ofOsaka). To construct the R-Flp hybrid gene, the plasmid was linearized by Nde I partial digestion. After gel isolation, the linear plasmid was cut with Sal I. The desired backbone fragment was gel isolated and ligated to the oligodeoxynucleotide adaptor:
5'-TATGGATATCTCTAGAG-3'
The resultant plasmid was cut with EcoRV and Xba I and ligated to the EcoRV/Xba I fragment from the 2-,um circle that includes the carboxyl-terminal two (Fig. 2) . In both types of digestions with each of the two proteases, (5) showed primary tryptic and chymotryptic cleavage sites at Arg-340 and Tyr-343 (broken arrows). These results permit the Flp protein to be divided operationally into two domains, I and 11. Based on the V8 cleavage sites, domain I is subdivided into IA, 1B, and IC. Of particular interest to the present investigation are the V8 peptides, V32 and V28. The amino-terminal sequence of V32 has been determined (5). (Lower) In this study, the amino-terminal residues of V28 were sequenced, and those of V32 were reconfirmed. Question marks denote weak signals. X signifies an undetermined residue.
OD650 of -1.0. Isopropyl /8-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and the culture was incubated for 1 hr. Cells were harvested, washed, and resuspended in 5 vol of 50 mM TrisHCI, pH 7.4/50 mM ammonium sulfate/1 mM EDTA/0.5 mM dithiothreitol/1 mM each phenylmethylsulfonyl fluoride, leupeptin, and pepstatin (S buffer). After treatment with lysozyme (20 mg/ml) for 30 min on ice, the suspension was subjected to three quick freeze-thaw cycles. After spinning in the cold for 15 min at 15,000 X g, the supernatant was collected, diluted with an equal volume of S buffer containing 40% (vol/vol) glycerol, and kept frozen in aliquots at -70°C.
Electroelution of Peptides. A gel slice containing a DNAprotein complex of interest was cut into fragments (approximately 3 x 1 x 1 mm), placed on a nylon net, and electroeluted in an ISCO apparatus (model 1750 concentrator). The electrolyte for elution was 10 mM ammonium carbonate adjusted to pH 10.5 with ammonium hydroxide and containing 0.01% SDS. Elution was carried out at 3 W for 3.5 hr with one change of electrolyte at 2 hr. At the end of the procedure, the current was reversed for 20 sec, the eluate was collected with a Pasteur pipette, concentrated in a Savant Speed-Vac system, and prepared for Laemmli electrophoresis.
Electroblotting of Peptides and Amino Acid Sequencing.
After SDS/polyacrylamide gel electrophoresis, polypeptides were transferred to poly(vinylidene difluoride) membranes (Immobilon, Millipore) as described by Matsudaira (13) Figs. 2 and 4) , is the sharp bend of >1440 introduced within the spacer (15) . The bend is thought to be the result of protein-protein interactions between Flp monomers bound across the spacer.
To test whether complexes formed by the V8 peptides contained DNA in a bent configuration, a 400-bp DNA fragment, in which the Flp site was placed almost in the middle, was used as the substrate for binding. The proteininduced bend significantly diminishes the end to end distance in such a fragment and magnifies its gel retardation relative to the unbent fragment, or a similar-sized fragment bent near its end (16) . The gel-retardation pattern of this fragment upon binding to aliquots of a V8 digest of Flp is shown in Fig. 4  (lanes 2-4) . The digestion conditions were the same as those for the peptide recovery experiment shown in Fig. 3 . In a control experiment, aliquots identical to those in lanes 2-4 were bound to a variant substrate containing a 4-bp insertion in the spacer that offset the phasing of the bound protein monomers (lanes [6] [7] [8] 1-4) . The site contained only two binding elements, la and 1a (cf. Fig. 2 ). The binding pattern obtained when the substrate included a 4-bp insertion in the spacer is shown in lanes 5-8. Binding of intact Flp to the normal and the insertion substrate are shown in lanes 9 and 10, respectively. Lanes: 1, free substrate; 2-4, increasing aliquots of the V8 digest; 5, the insertion substrate; 6-8, aliquots of V8 digest corresponding to lanes 2-4 (lane 2 corresponds to lane 6, etc.). competent substrate was calculated as the ratio of its mobility to that of the corresponding complex containing the nonbending substrate. Bend angles could be derived from the values for relative retardation by using a calibration curve prepared with a set of standard bent DNA fragments (26) . The DNA bend angles in the Flp complexes I and II were estimated to be approximately 400 and 1400, respectively. The corresponding values for the peptide-DNA complexes I' and II' were roughly 200 and 400, respectively. A faint complex above II' was observed in the binding reactions with the V8 digests (see lanes 4 and 8) . Assuming the complex in lane 4 to be the bent equivalent of the complex in lane 8, the DNA bend in this complex was derived as 50°-60°. The overall conclusion from these results is that the DNA within the complexes formed by the V8 peptides is devoid of the large bend that is characteristic of the normal Flp complexes.
A Chimeric Protein Derived from R Recombinase and Flp with FHp-Substrate Specificity. The hypothesis that the aminoterminal portion of Flp is not required for substrate specificity was further tested by constructing a fusion between the R recombinase of Zygosaccharomyces (17, 18) and Flp. The R-Flp hybrid contained the first 127 or 142 amino acids of R (the translation start in R has not been precisely determined) linked in-frame to the last 309 amino acids of Flp (Fig. 5) . The expression of the chimeric protein, driven by the tac promoter, was induced in E. coli by addition of IPTG. Crude extracts prepared from induced cells were used to monitor substrate binding in gel retardation assays. The results of such an assay are shown in Fig. 5 (19, 24) . Some of the residues within the IB-IC domain also contribute to substrate bending interactions. Mutations of Gly-328 or of Tyr-343 have been shown to lead to bending incompetence (25) .
Although 
